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ABSTRACT
Recent spectroscopic observations of ultrafaint dwarf galaxies (UFDs) revealed that the small, old galaxies contain a substantial
amount of neutron-capture elements such as Barium (Ba), Strontium (Sr) and Europium (Eu). We use cosmological simulations
to study the production of Ba in UFDs. Ba is produced by both r- and s-processes, and one can infer the contribution of the
r-process from the characteristic r-process abundance pattern, whereas the s-process contribution remains largely unknown. We
show that the current s-process yield from asymptotic giant branch (AGB) stars is not sufficient to explain the Ba abundances
observed in UFDs. Ba production would need to be efficient from the beginning of star formation in the galaxies. The discrepancy
of nearly 1 dex is not reconciled even if we consider s-process in super-AGB stars. We consider a possible resolution by assuming
additional Ba production with short delay time. Considering the diversity of Ba abundances among different UFDs, a rare
and prolific source is favoured. Fast-rotating massive stars could be such rare and prolific sources, and they can account for
the observed abundance if ∼ 3 × 10−10M of Ba is produced per 1 M formed stars. We also explore another resolution by
modifying the stellar initial mass function (IMF) in UFDs, and find a particular IMF model that reproduces the observed level
of Ba-enrichment. We argue that future observations that determine or tightly constrain the Eu abundance are crucial to identify
the origin of Ba in UFDs.
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1 INTRODUCTION
Neutron-capture processes are important for the synthesis of the
heaviest elements. They are classified into two processes: r-process
and s-process, by whether neutron-capture reactions occur faster than
β-decays (see, e.g. Cowan et al. 2019). Neutron-rich environments
are necessary for neutron-capture reactions to take place, but the
origin or the astrophysical production site remains controversial for
the r-process (Cowan et al. 2019; Nishimura et al. 2017). On the
contrary, it is generally thought that the s-process occurs mainly in
low mass stars during their asymptotic giant branch (AGB) phase.
Two major neutron-capture elements, Barium (Ba) and Strontium
(Sr), are relatively easy to detect in stellar spectra. For solar metal-
licity stars, these elements are largely synthesized by the s-process.
However, since the main contributors of the s-process are low-mass
and long-lived stars, they contribute to the Galactic chemical evolu-
tion only slowly. This feature is consistent with the observations of
Milky-Way (MW) stars which showmonotonic increase of [Ba/Fe] as
? E-mail: yuta.tarumi@phys.s.u-tokyo.ac.jp
the iron (Fe) abundance [Fe/H] increases. At low Fe abundances, as
typically found in ultrafaint dwarf galaxies (UFDs), we cannot con-
sider Ba to be produced entirely by the s-process. In fact, theoretical
studies find that both Ba and Sr are also produced by the r-process
in MW and dwarf galaxies (Cescutti et al. 2006; Hirai et al. 2019).
UFDs have several distinct features in terms of their chemical evolu-
tion, which make them particularly interesting objects (Simon 2019).
One important feature is the predominantly old stellar population.
It is theoretically expected that the shallow gravitational potential
well is inefficient at retaining gas after cosmic reionization (Brown
et al. 2014). Another important trait that makes UFDs particularly
interesting objects is the stochasticity of r-process enrichment. For
UFDs, rare enrichment events imprint particularly strong signatures.
For example, a typical r-process element, europium (Eu), is detected
only in three UFDs out of ∼ 15 UFDs. A natural interpretation of
the diversity of Eu abundances among the UFDs is that r-process
events are rare and prolific (Ji et al. 2016a; Hansen et al. 2020). Typ-
ically, UFDs are chemically less evolved systems, and thus provide
important insight into the early chemical evolution in the Universe.
Recently detailed chemical abundances of metal-poor stars in UFDs
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have been obtained (e.g. Frebel et al. 2014; Ishigaki et al. 2014; Chiti
et al. 2018; Ji et al. 2019a). These observations consistently suggest
that, for those without clear r-process signatures, there is a deficit of
neutron-capture elements (including Ba and Sr) in UFD compared to
Milky-Way stars. In the present paper we model the s-process enrich-
ment of UFDs. We use cosmological simulations to follow the star
formation and chemical enrichment, which are outlined in Section
2. The characteristic star formation histories and the small stellar
masses of UFDs provide clues to understand the chemical enrich-
ment history of neutron-capture elements. We show the simulation
results in Section 3. In Section 4, we argue that the existence of an
additional Ba source is strongly suggested to explain the observed
elemental abundances in UFD stars.
2 METHOD
2.1 Cosmological Simulations
We use arepo, a moving-mesh hydrodynamic simulation code
(Springel 2010; Pakmor et al. 2016; Weinberger et al. 2019).
As the cosmological parameters, we use the Planck 2018 results
(Planck Collaboration et al. 2018): Ωm = 0.315,Ωb = 0.049, σ8 =
0.810, ns = 0.965,H0 = 67.4kms−1Mpc−1. The code settings and
galaxy formation models are the same models as in the Auriga simu-
lations (Grand et al. 2017). The initial conditions are generated using
music (Hahn & Abel 2011). The boxsize is 1 comoving h−1Mpc
on a side. We use a hierarchical zoom-in technique to resolve the
inner structure of the small simulated galaxies. The mass of each
dark-matter particle is about 100M , and the typical mass of each
gas cell and star particle is about 20 M . From our previous paper
we select two galaxies ‘halo 1’ and ‘halo 3’ as the galaxy samples
(Tarumi et al. 2020). In this paper, we refer to halo 1 as the ‘large
UFD’ and halo 3 as the ‘small UFD’. In Fig. 1 we present the star
formation histories of our galaxy samples. Halo mass (Mh), stellar
mass (M∗), and size (R200) of these samples are (Mh,M∗, R200) =
(1.7× 108M , 2.0× 104M , 1.717 kpc), and (8.7× 107M , 3,000
M , 1.544 kpc), respectively at redshift z = 8, which can be re-
garded as UFD progenitors (Safarzadeh et al. 2018). These haloes
grow to (Mh,M∗, R200) = (2.7× 108M , 2.0× 104M , 3.917 kpc),
and (3.1 × 108M , 2,600 M , 4.061 kpc) by redshift z = 4 which
is our final snapshot. Basic properties such as the growth of stellar
and gas masses are insensitive to the change of the resolution (see
Tarumi et al. 2020).
2.2 Chemical evolution
In our hydrodynamics simulations, the gas density field and stars
are represented by gas cells and star particles, respectively. The gas
cells contain elemental abundance information. Each star particle
represents a cluster of stars. It enriches the surrounding gas cells
with metals. The amounts of elements distributed to nearby cells
in one time-step are determined as follows. First, we specify the
mass range of stars that contribute to chemical enrichment within the
next time-step by age and metallicity of the star particle. Next, we
integrate the elemental yields from the stars that die within the time-
step assuming the Chabrier’s initial mass function (IMF) (Chabrier
2001). We use the s-process yield table from FRUITY database
(Cristallo et al. 2015, 2016) for low-metallicity stars and (Karakas
& Lugaro 2016) for high-metallicity stars. Finally, we distribute the
calculated amounts of elements to nearby gas cells in the smoothed-
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Figure 1.Star formation histories of our simulated galaxies. Blue curve: ‘large
UFD’, which forms stars for ∼ 600 Myr. The peak stellar mass is ∼ 20, 000
M . Orange curve: ‘small UFD’, which forms stars for ∼ 300Myr. The peak
stellar mass is ∼ 3, 500 M . The ‘large UFD’ experienced a major merger at
a cosmic age of ∼ 500 Myr at redshift 10. The shaded area shows when the
Universe is ionized and no or little star formation is expected in UFDs.
particle-hydrodynamicsmanner. The procedure is performed for each
star particle at each time-step.
We note that the masses of star particles in our high-resolution
simulations are too small to sample massive stars with sufficient fre-
quency. Such insufficient sampling could result in artificial elemental
distributions in the galaxy. However, the synthesis of s-process ele-
ments occurs only in AGB stars, whose progenitors are 3-8 M stars
in our simulations. The expected number of stars between 3 to 8 M
is 0.6 for a star particle of 20M , suggesting that the number of star
particles in our simulation is similar to the actual number of stars
that contribute to Ba enrichment. Therefore we expect that the AGB
stars are well-sampled and that the s-process element production is
accurately followed.
We also note that, in our model, Sr is produced only in AGB stars,
although various channels for Sr production are proposed (see, e.g.
Wanajo et al. 2011). In the present study, we mainly consider the Ba
enrichment for which the production is dominated by AGB stars. For
detailed discussion on Sr modeling in dwarf galaxies, see Hirai et al.
(2019).
3 RESULTS
3.1 Star formation duration and abundance of [Ba/Fe] and
[Sr/Fe]
Fig. 2 presents the abundance ratio of neutron-capture elements
[Ba/Fe] and [Sr/Fe] as a function of [Fe/H] for stars in MW halo
and in dwarf galaxies. All the simulation results are snapshots at
z = 6.4. We define ‘Ba-poor’ stars as stars with upper limits on
Ba abundance or stars with [Ba/Fe] < −1.5. The observed fraction
of Ba-poor stars is 45 per cent. The median lines derived from our
model stars clearly show the deficit of Ba and Sr abundances com-
pared to the observations. In the large UFD, the Ba-poor fraction is
76 per cent, and in the small UFD the fraction is 100 per cent. The
epoch of star formation (shown by the colours of the dots) reflects
the chemical enrichment of iron and s-process elements. The depen-
dence of chemical enrichment on the epoch of star formation is more
MNRAS 000, 1–8 (2020)
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Figure 2. [Ba/Fe] (top panels) and [Sr/Fe] (bottom panels) as a function of [Fe/H] for model stars in our two UFD models (circles) at z = 6.4, compared with
the observational data of stars in UFDs (stars and triangles). The red solid lines show the median of [Ba/Fe] and [Sr/Fe] in each [Fe/H] bin for model stars . The
red dashed lines show the median of [Ba/Fe] ([Sr/Fe]) in each [Fe/H] bin for model stars, after a "boost" assuming that an r-process event enriched the galaxy to
[Ba/H] = −1.7 ([Sr/H] = −2.5). The bin size is 0.25 dex. The left and right panels show the data of ‘large UFD’, and ‘small UFD’, respectively. Observational
data are obtained from the SAGA database (Suda et al. 2008, 2017), together with the latest data added manually. The data are originally obtained by the
following literature: (Martin et al. 2007; Koch et al. 2008; Adén et al. 2009; Feltzing et al. 2009; Koch et al. 2009; Frebel et al. 2010; Norris et al. 2010c,a,b;
Adén et al. 2011; Lai et al. 2011; Simon et al. 2011; Gilmore et al. 2013; Koch et al. 2013; Vargas et al. 2013; Frebel et al. 2014; Ishigaki et al. 2014; Koch &
Rich 2014; François et al. 2016; Ji et al. 2016b,d,c; Martin et al. 2016; Roederer et al. 2016; Hansen et al. 2017; Kirby et al. 2017; Venn et al. 2017; Chiti et al.
2018; Ji & Frebel 2018; Nagasawa et al. 2018; Ji et al. 2019b; Hansen et al. 2020) The stars that show the characteristic abundance patterns for the r-process
(seven stars from Ret II, five stars from Tuc III, and one star from Grus II) are plotted with green star symbols, and other stars are plotted with red star symbols.
The list of UFDs are: Bootes I, Bootes II, Canes Venatici II, Coma Berenices, Grus I, Hercules, Horologium I, LeoIV, Pisces II, Reticulum II, Segue 1, Segue
2, Triangulum II, Tucana II, Tucana III, Ursa Major, Ursa Major II, and Willman I. Stars with only upper limits available are plotted with open red triangles.
pronounced in [Ba/Fe] than in [Sr/Fe]. This is likely a consequence
of the enhanced production of Sr in massive end of AGB stars.
UFDs can be classified by whether the r-process has a dominant
effect on their chemical evolution. Reticulum II (Ret II), Tucana III
(Tuc III) and Grus II (Gru II) are the ones with clear signatures of
the r-process. 1 Stars in these UFDs (plotted in green) show higher
Ba and Sr abundances than those in other UFDs (plotted in red).
Since Ba and Sr are also produced in the r-process, it is natural that
their abundances are systematically higher. We plot a dashed line
showing the change of the median values along [Fe/H] for UFDs that
experience a single r-process event in the past. The large amounts of
Ba and Sr produced by the r-process event wash out any information
on previous neutron-capture processes in stars that form afterwards.
1 There is one star with a significant Eu and Ba enhancement in Segue 1. It is
a CH star, and the high abundance of the neutron-capture elements is thought
to originate from mass transfer from the former AGB star in a binary system
and not by previous neutron-capture processes.
The abundance of s-process elements show large variation even
among our simulated UFDs, which are uncontaminated by r-process
enrichment. Ba and Sr abundances are higher in the large UFD than
in the small UFD, even if we compare the stars with similar Fe
abundances. The different abundances reflect the difference in the
star formation histories. The large UFD forms stars for 600 Myr,
whereas the small UFD quenches after 300 Myr of star formation. In
galaxies with long star formation duration, elements that low-mass
stars synthesize are taken into the stars that form later. Therefore the
abundances of s-process elements are higher in the large UFD due
to the larger contribution from low-mass stars.
3.2 Scatter of [Ba/Fe] and [Sr/Fe]
Typically the scatter of [Ba/Fe] among stars within a galaxy is less
than 1 dex for observed UFDs. The observed scatter is typically small
compared to our simulated galaxy samples, whose Ba enrichment
occurs only through AGB stars. In terms of the scatter, the small
MNRAS 000, 1–8 (2020)
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UFD, in which a single star-formation "burst" is quenched after a
duration of 300Myr, is more similar to the observations than the
large UFD. We can see an increase of [Ba/Fe] as the evolutionary
time increases in the simulated galaxies. The abundance plots for the
large UFD (see left panels in Fig. 2) show two distinct populations
which correspond to two star bursts that the galaxy experiences (see
Fig. 1). [Ba/Fe] and [Sr/Fe] differ by roughly 1.5 and 1 dex between
these populations. Considering that evenwithin each population there
is a scatter of ∼ 0.5 dex, this additional factor would make the scatter
too large. There are two ways to reconcile: one is to assume that stars
in the observed UFDs are mostly formed in a single short (∼ 100
Myr) burst, and the other is to enhance the Ba and Sr abundance of
the first stellar population. We will discuss this further in the next
section.
As shown by the points with similar formation times in Fig. 2, our
models predict the distribution in a wide range of [Fe/H], while the
variation in [Ba/Fe] is not large compared to [Fe/H] scatter among
stars with similar ages. This suggests that (i) the elements are suf-
ficiently well-mixed in metal-rich regions, but (ii) the mixing of
metal-rich and metal-poor portions occurs slowly. There is an inter-
esting difference between the s- and r-processes in terms of chemical
signature in UFD. Since the r-process occurs at most once or a few
times in these small systems, the spatial position is important (Tarumi
et al. 2020). The scatter of [Eu/Fe] in each UFD is a consequence
of inhomogeneous mixing among different elements. In contrast, s-
process elements originate in low-mass stars, which are formed quite
often. Therefore they enrich a galaxy relatively homogeneously. The
[Ba/Fe] scatter among stars within each UFD rather reflects different
formation epochs of the stars. Note that the IMF-averaging in our
simulations could artificially make Ba distribution homogeneous. A
further investigation is required to obtain a solid conclusion on the
spatial inhomogeneity of s-process elements.
We find smaller [Sr/Fe] scatters in our simulations. This is con-
sistent with stellar models where Sr is also synthesized in an envi-
ronment with a relatively smaller neutron exposure, which allows
massive AGB stars to synthesize them. Production and dispersal of
Sr begin earlier than those of Ba, and thus even stars formed very
early are enriched with Sr. It makes the difference of [Sr/Fe] between
the early and late stellar populations smaller.
4 DISCUSSION
4.1 r-process contribution
The s-process enrichment of MW stars has been studied for decades
(e.g. Cescutti et al. 2006). In our model, a major portion of s-process
elements are produced in the AGB phase of low-mass stars with
M . 3M . Because of the long delay-time and the strong metallic-
ity dependence of the Ba yield from the AGB stars, other production
paths such as the r-process are preferred as the origin of Ba in low
metallicity stars. Previous simulations (e.g. Cescutti et al. 2006) sug-
gest that, for MW stars with −3 <[Fe/H]< −2, Ba is predominantly
produced by the r-process. A similar conclusion is obtained by Hi-
rai et al. (2019), who study the production of Sr in classical dwarf
galaxies.
The story is different for UFDs. Due to their small stellar masses,
the rarity of the r-process considerably alters the stellar abundances:
the number of r-process events in a UFD is likely one at most.
This stochasticity of r-process in each UFD is needed to explain the
extremely high Eu abundance of Ret II, and an apparent "jump" in
the Eu abundance observed in Gru II. The moderate Eu abundance
of Tuc III could also be explained by assuming that the r-process
event occurred in the outskirt (Tarumi et al. 2020), or that the r-
process elements are diluted to a larger mass of hydrogen than in
Ret II (Marshall et al. 2018). Interestingly, the large scatter of Eu
abundance among low-metallicity halo stars can also be explained
by rare r-process enrichment. The dashed lines in Fig. 2 suggest that
stars with a clear signature of r-process enrichment should also have
high Ba abundances. This is consistent with the results obtained from
the chemical evolution modeling of the MW, i.e. at the metallicities
of UFDs the r-process is the dominant source of Ba. Following this
picture, we can exclude the contribution from the ‘rare and prolific
r-process events’ for stars of UFDs with low Eu abundances.
4.2 Ba production in UFDs
We compare the stellar Ba abundances of the observed and simulated
UFDs. We find the median is [Ba/Fe] ∼ −2 (large UFD) and [Ba/Fe]
∼ −3 (small UFD) for stars with −3 < [Fe/H] < −2 (see Fig. 2). The
[Ba/Fe] are the same as the yield from a single stellar populations
(SSP) integrated from the birth to the age of 100 Myr (large UFD)
and 50 Myr (small UFD). We obtain similar conclusions if we use
[Sr/Fe] instead. Note that the estimated age is insensitive to the exact
choice of the yields, as it does not affect star formation in the galaxy.
Even if we change the Ba yields from AGB stars, we expected that
the typical [Ba/Fe] of stars formed in these galaxies are represented
by [Ba/Fe] of an SSP at 100 (50) Myr. Also, [Ba/Fe] is homogeneous
within metal-rich regions at any moment. Therefore we conclude
that the SSP age and star formation history of the system are two
important factors that affect [Ba/Fe] in the UFDs.
The duration of star formation in UFDs can be naively constrained
to up to a few hundred Myr because gas heating by cosmic reion-
ization can effectively quench star formation in these small galaxies
by z ∼ 6. In addition, considering their low halo masses, we do not
expect the onset of star formation in UFDs to be extremely early.
Typically in our simulations, star formation begins when the cosmic
age is about 300 Myr. With these conditions the duration of star
formation in UFDs is shorter than 700 Myr. In our simulations, the
‘large UFD’ has comparable length of star formation. Therefore the
large UFD can be considered as one of the most s-process enhanced
UFDs. However, the predicted Ba abundance is still smaller than the
observed values. This suggests that Ba needs to be produced more
efficiently in low-metallicity environments such as UFDs.
A simple resolution to enhance Ba production might be to adopt
different AGB yields. It may solve the inconsistency in the absolute
amounts of Ba accumulated in the entire galaxies, but unfortunately,
it does not mitigate the discrepancy in terms of the scatter of [Ba/Fe]
in each galaxy. In order to reproduce the small scatter found in the
observations, the galaxies need to have short durations of star for-
mation. According to our model, UFDs experiencing star formation
for more than ∼ 200 Myr are expected to show a scatter in [Ba/Fe]
of more than 1 dex. If Ba is produced only by low-mass AGB stars,
the duration of star formation in UFDs should be shorter than 200
Myr, and then Ba production should be more efficient by a factor of
10-100.
Another candidate of Ba source is super-AGB stars (Doherty et al.
2017). The typical mass of the progenitors is 6-8 M , and thus
super-AGB stars produce s-process elements within 100 Myr of their
evolution.We employ the s-process yields fromDoherty et al. (2017)
(C. Doherty, priv. comm.) and re-calculate the stellar elemental abun-
dances. We have found only a minor contribution of super-AGB stars
to the production of Ba and Sr, as shown in Fig. A1. This is owing to
the narrow mass range of the progenitors and less-efficient s-process
MNRAS 000, 1–8 (2020)
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element production in super-AGB stars. Although super-AGB stars
enable early s-process enrichment, the absolute amounts of Ba in
UFDs do not increase significantly. In order for super-AGB stars to
be the main source of Ba in UFDs, the yield should be enhanced by
a large factor of ∼ 10.
The IMF of stars in metal-poor environments such as UFDs could
be different from the present-day IMF (Gennaro et al. 2018). Komiya
et al. (2009) propose a log-normal IMF centered at 3-20M , to
explain the fraction of s-process enhanced stars in carbon-enhanced
metal-poor stars in the MW. As a simple test, we adopt this form
of IMF and examine how the abundances of the s-process elements
are affected. Fig. 3 shows the Ba abundances in the model with
a modified IMF similar to Komiya et al. (2007). The IMF is log-
normal centred at 4M with a standard deviation of 0.1 dex. We
note that, in addition to the stars of this IMF, low-mass companions
in binary systems are assumed to be formed and to survive until today,
but the companions are not explicitly represented in our simulations.
The production of Fe is suppressed, and that of Ba from super-AGB
stars is enhanced, which results in the enhancement of [Ba/Fe]. Also,
the delay time of the Ba production and dispersal in the interstellar
medium is shorter than in the case with a typical IMF due to the birth
of many super-AGB stars that produce s-process elements on short
timescales.
An interesting connection of this peculiar IMF is the multiple
populations in globular clusters (GCs). Their peculiar chemical abun-
dances can be explained by the contribution from super-AGB stars to
the chemical enrichment before the formation of second generation
stars (see, e.g. Bastian & Lardo 2018). There are also implications
for other issues such as the mass-budget problem, in which the ra-
tios of the total mass of first-generation stars to second-generation
stars is anomalous (Renzini 2008). The log-normal IMF, which has
a large mass fraction of super-AGB stars, could alleviate the mass-
budget problem. Also, the IMF greatly reduces the production of
iron. Therefore the metallicities do not significantly differ between
the first generation stars and the second generation stars. We still
cannot conclude that the IMF presented by Komiya et al. (2007) is a
viable solution because the application of the different IMF is sup-
ported for stars with [Fe/H] < -2 (Suda et al. 2013; Lee et al. 2014),
which is inconsistent with the fact that the majority of stars in GCs
have [Fe/H] > -2. However, it is interesting that enhancing the frac-
tion of super-AGB stars while decreasing massive stars is favoured
in a completely different context of UFD chemical evolution.
Yet another possibility is to incorporate the contribution ofmassive
stars that produce Ba on short timescales. The need for Ba produc-
tion by objects with short lifetimes is also pointed out by Ji et al.
(2019a) who show that all the known UFDs for which it has been
attempted to measure Ba abundances are enriched to [Ba/H] & −5.
Rotating massive star (RMS) models have been invoked for efficient
production of s-process elements in recent studies (see, e.g. Choplin
et al. 2018). Massive stars that die as supernovae can promptly pol-
lute the interstellar medium in the early epoch of galaxy evolution.
Such prompt enrichment can enhance the overall Ba abundance, but
also prevents from producing large scatter of [Ba/Fe] among stars
in a galaxy. In Fig. 4 we show the result for an ad hoc model in
which 3 × 10−10 M of Ba per 1 M of formed stellar mass is
produced from massive (> 8M , short-lived) stars. The median line
roughly matches the distribution of observed UFD abundances. The
scatter among different UFDs may provide insight into the s-process
enrichment, which we further discuss in the next subsection.
The high Ba abundances in UFDs may be the evidence of multiple
r-process origins. Recent observations reveal that [Ba/Fe] does not
increase as [Fe/H] increases for stars in MW with −2.0 < [Fe/H]
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Figure 3. Model with modified IMF (log-normal, centered at 4.0 M , with
a standard deviation of 0.1 in log-space). Due to a larger fraction of stars that
experience a super-AGB phase and a smaller fraction of stars that explode,
[Ba/Fe] is higher than in the case of a typical IMF. Observational data are
shown with the same symbols as in Fig. 2.
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Figure 4.Model with an additional Ba source originating frommassive stars.
We assume that the amount of Ba produced per 1 M of stars is 3×10−10M .
The additional Ba contribution reproduces the typical values of [Ba/Fe] in
UFDs. On the other hand, it is suggested that the source of Ba in some UFDs
with low [Ba/Fe] is relatively rare stars, and that the stellar masses of UFDs
(e.g. Segue 1) are not enough to well-sample such stars.
< −1.5, suggesting that s-process yields from AGB stars do not con-
tribute to stars with [Fe/H] < −1.5 (Matsuno et al. 2020). However,
the [Eu/Ba] of their sample stars is lower than the value predicted
by r-process nucleosynthesis. This may suggest that there are some
s-process events which produce Ba with a delay-time similar to the
timescale of themetal enrichment leading to [Fe/H]∼ −1.5. An inter-
esting test of this possibility would be to measure or place constraints
on Eu abundances for stars with measured Ba abundances in UFDs,
so that we can identify the main contributors of Ba as originating
from the r- or s-processes.
4.3 Diversity of UFDs
The large difference in the Ba abundances among UFDs provides
an interesting clue. The values of [Ba/Fe] in UFDs range from −0.5
(e.g. Bootes I) to −2 (e.g. Segue 1) with a scatter of 1.5 dex. This is
MNRAS 000, 1–8 (2020)
6 Y. Tarumi et al.
larger than those of other elements such as magnesium or calcium
which are commonly synthesized in massive stars. Our models do
not well reproduce the variations of [Ba/Fe] in UFDs. If we assume
that (i) the stellar yields, (ii) the (initial) mass function of the stars,
and (iii) the star formation history are the same or similar among all
the UFDs, the resulting [Ba/Fe] cannot be significantly different. We
may also presume that the stellar yields are the same among UFDs
with similar stellar masses and metallicities. The IMF can make a
difference, directly or through the delay-time of the Ba enrichment.
However, as is shown in Fig. 3, reproducing the Ba abundances of
UFDs by varying the IMF alone requires fine tuning. Also, we are
not strongly motivated to consider IMF variation in UFDs because
Fe abundances in UFDs are similar to each other. The diversity of the
star formation histories can make a difference if the Ba enrichment
occurs with a significant delay-time. AGB stars seem to be the natural
sources, but we have shown that the Ba abundances in UFDs cannot
be explained by the contribution of AGB stars alone.
Another source of diversity is stochasticity. If stellar masses
present in UFDs are not enough to well-sample the IMF, the ‘Poisson
error’ can lead to an apparent diversity in the perceived IMFs. For
example, the luminosity of Segue 1, which is a UFD of the lowest
[Ba/Fe], is ∼ 300L . Fast-rotating massive stars could be such rare
and prolific Ba contributors. According to Choplin et al. (2018), a
25M star rotating at 70 per cent of the critical rotation speed with
the mass_cut of 5M produces 3×10−7M of Ba. If we assume that
such a star is born every 1000M of stars formed, we can explain the
Ba abundances of most UFDs while allowing low-Ba systems to also
exist due to stochastic enrichment. Although the evolutionary mod-
els of rotating stars include parameters that are poorly constrained,
identifying the origin of Ba in UFDs may also provide invaluable
information on the properties of massive rotating stars.
4.4 Effects of tidal stripping
Signatures of tidal stripping are observed in some UFDs. If tidal
stripping is common among UFDs, their stellar masses could be
significantly higher than we assume (∼ 105M) before the strip-
ping. In this case they could be so massive that the stochasticity of
r-process is averaged out. Also their potential well could be signifi-
cantly deeper, allowing them to keep forming stars after the cosmic
reionization. Therefore our working hypotheses regarding short star
formation timescales and ‘0 or 1’ r-process break down. Bootes I and
Ursa Major II, which have stars with [Ba/Fe] > −1, may have lost
their stellar mass by tidal force by the MW (Belokurov et al. 2006;
Zucker et al. 2006). It is possible that such UFDs were initially more
massive, therefore were able to form stars even after the reioniza-
tion, accumulating s-process elements. Also such systems can have
enough mass to average out the stochasticity of r-process. The failure
of our model to reproduce [Ba/Fe] ∼ −0.5 stars might imply that
Ba-rich UFDs are actually such tidally disrupted systems. However,
most UFDs are too far away from the Galactic centre to lose their
stars (Simon 2018). Also, there are UFDs with [Ba/Fe] ∼ −1 that do
not show signatures of a disruption event. In this paper we assume
that most of the UFDs have retained most of the stars formed within
them.
4.5 Sr production in UFDs
Sr is lighter thanBa and thus can be synthesized in less extreme condi-
tions (e.g. ‘light-element primary process’, Montes et al. 2007). Such
‘exclusive’ sources of Sr may be necessary to explain the existence
of stars with Sr enhancement compared to heavier elements such as
Ba or Eu (Honda et al. 2004). Hirai et al. (2019) consider electron-
capture SNe and RMS as additional sources of Sr. They conclude
that the additional Sr production in short-lived stars is necessary to
explain the Sr abundances in dwarf galaxies.
In our simulations, Sr is only produced in AGB stars. Fig. 2 shows
the same trend for Ba. A sufficient amount of Sr is not produced in
our models. Although we cannot identify the origin(s) of Sr, we can
estimate the required Sr mass. To explain the observed Sr abundances
([Sr/Fe] ∼ -1), the Sr yield required is 10−8M per 1 M of stars in
the first 100 Myr. Considering the large difference of Sr abundances
among the UFDs, we argue that there may exist a production source
of Sr that is rare and prolific.
5 CONCLUSIONS
We focus on the production of Ba in UFDs. First, our basic assump-
tion is that most of the UFDs do not experience any r-process events
so that all the Ba content originates from the s-process in AGB stars.
Even thoughwe use one of themost up-to-date set of elemental yields
that explain s-process enrichment in the MW, Ba and Sr abundances
in UFDs are not reproduced. Our findings are summarized as follows.
(i) Ba should be produced efficiently (∼ 3×10−10 M per 1 M
of stars in the first 100Myr) even in low-metallicity environments
such as UFDs. The required short delay-time suggests that the ori-
gin of Ba has a short evolutionary timescale such as massive stars.
Super-AGB stars alone cannot resolve the inconsistency between our
simulation result and observations.
(ii) The observed scatter of [Ba/Fe] (∼ 1 dex) is small considering
the typical star formation histories of the host UFD. This problem is
mitigated if we assume another source of Ba which contributes with
little or no delay time.
(iii) By introducing an IMF which makes predominantly super-
AGB and AGB stars while suppressing the Fe production by massive
stars, we can explain the Ba abundances. However, fine tuning is
needed to determine the IMF, and a rather peculiar one is preferred.
Future observations of additional stars in UFDs will allow us to
identify the origin of Ba and s-process elements. UFDs serve as an
important laboratory for nucleosynthesis in the early Universe.
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APPENDIX A: SUPER-AGB
In Fig. A1 we show the result of model that take Ba production from
super-AGB stars into account. The symbols are the same as in Fig. 2.
It enhances [Ba/Fe] at [Fe/H] < −3, but not significantly at [Fe/H]
& −3.
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